Abstract Here, we produce Ambrosia pollen source inventories for Italy that focuses on the periods before and after the accidental introduction of the Ophraella communa beetle. The inventory uses the top-down approach that combines the annual Ambrosia pollen index from a number of monitoring stations in the source region as well as Ambrosia ecology, local knowledge of Ambrosia infestation and detailed land cover information. The final inventory is gridded to a 5 × 5-km resolution using a stereographic projection. [2003][2004][2005][2006][2007][2008][2009][2010][2011][2012], and this decrease was even more pronounced at the sites in the area where Ophraella communa was distributed. Cross-validations show that the sensitivity to the inclusion of stations is typically below 1% (for two thirds of the stations) and that the station Magenta (MI7) had the largest impact compared to all other stations. This is the first time that pollen source inventories from different temporal periods have been compared in this way and has implications for simulating interannual variations in pollen emission as well as evaluating the management of anemophilous plants like Ambrosia artemisiifolia.
Introduction
According to the Euro + Med Plantbase (Greuter 2006) , which integrates and critically evaluates information from Flora Europaea, Med-Checklist, the Flora of Macaronesia, regional and national floras and checklists as well as additional taxonomic and floristic literature, there are six accepted Ambrosia species in Europe: A. artemisiifolia L., A. confertiflora DC., A. maritima L., A. psilostachya DC., A. tenuifolia Spreng., and A. trifida L. Of these, the invasive A. artemisiifolia (common or short ragweed) has a plasticity (Ortmans et al. 2016) , anemophilous pollination strategy and allergenicity that have made it a prominent agricultural weed and threat to environmental health in Europe (Smith et al. 2013 and references therein).
The occurrence of Ambrosia artemisiifolia in a particular region is strongly related to the length of time passed since its introduction (Chauvel et al. 2006 ). This study focuses on Italy where there is a long history of A. artemisiifolia. In Piedmont, the plant was documented in the Botanical Garden of the University of Torino as far back as 1772 (Allioni 1773.) , and this is probably one of the oldest records of the species in Europe. Herbarium specimens in the University of Torino (HP-TO) dated 1902 (Alba) and 1910 (Torino) are an indication of when it became naturalised (Carna and Ivaldi 2014) . The Po Valley in Northern Italy is one of the main centres of A. artemisiifolia in Europe. In particular, the north-west of the Province of Milan has been colonised by A. artemisiifolia since the 1940s (Stucchi 1942 ) and the plant is now widely distributed over the area (Gentili et al. 2016) . The other centres of Ambrosia in Europe are the Rhône-Alps region of France, the Pannonian Plain and Ukraine (Smith et al. 2013 and references therein).
The prevalence of sensitisation and allergy to Ambrosia pollen has increased in Northern Italy since the last decade of the twentieth century (Bonini et al. 2009; Carna and Ivaldi 2014) , and Ambrosia pollen has also been recorded recently in the central and southern parts of Italy (Sikoparija et al. 2016) . This is expected to be followed by an increase in the distribution of Ambrosia pollen allergy in the country because of the time lag between sensitization and allergy (Tosi et al. 2011 ). For instance, Albertini et al. (2012) found a significant increase in the number of polysensitized patients with positive SPT to ragweed between 1992 and 2008 and, among these, a noticeable increase in asthma symptoms.
In 2013, the oligophagous leaf beetle Ophraella communa LeSage, which is known to feed on Ambrosia artemisiifolia, was found in southern Switzerland and Northern Italy (Müller-Schärer et al. 2014 ). This was followed by exceptionally low amounts of airborne Ambrosia pollen observed in the Milan area in 2013 and 2014 which could not be explained by meteorology alone (Bonini et al. 2015; Bonini et al. 2016 ). The beetle is successfully used as a biological agent to control this weed in China (Zhou et al. 2014) , and the establishment of large and stable populations of this insect can potentially limit the production of pollen and seeds in infested plants (Guo et al. 2011) . It is likely that the establishment of the insect in Italy has a substantial and geographically large impact on Ambrosia populations. A thorough assessment is important for understanding the mechanisms involved and of the spread of this insect in Europe and how this can affect pollen production in affected areas. Knowledge about future pollen loads is critical for producing accurate forecasts of airborne Ambrosia pollen concentrations (Zink et al. 2016 ) and understanding subsequent impact on human health.
This study aims to produce Ambrosia pollen source inventories for Italy, following the protocol used previously for other countries in Europe (Skjøth et al. 2010; Thibaudon et al. 2014; Karrer et al. 2015) , and focuses on the period before and after the Ophraella communa beetle was recorded in high numbers in Italy. These inventories can be used as an input for atmospheric dispersion models and have the potential to be used for examining the possible impact of Ophraella communa on populations of its host plant in Northern Italy.
Materials and methods
The Ambrosia pollen source inventory for Ambrosia in Italy uses the top-down approach previously described in literature (Skjøth et al. 2010; Thibaudon et al. 2014; Karrer et al. 2015) . This approach combines the annual Ambrosia pollen index from a number of monitoring stations in the source region (the BAmbrosia pollen data^section) as well as Ambrosia ecology, local knowledge of Ambrosia infestation and detailed land cover information (the BDetermining Ambrosia habitats in Italy^section). The final inventory is gridded to a 5 × 5-km resolution using a stereographic projection used within the European Monitoring and Evaluation Programme (EMEP) and applied by numerical weather prediction models such as EMEP and DEHM (the BData manipulation and statistical analysis^section).
Ambrosia pollen data
Annual Ambrosia pollen indices were obtained from 91 pollen-monitoring stations (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (Fig. 1a, b and Table 1 ) belonging to POLLnet, the Italian Network of the Environmental Protection Agencies and the Italian Monitoring Network in Aerobiology (R.I.M.A. ® ) of the Italian Aerobiology Association (A.I.A.). Ambrosia pollen data were collected using volumetric spore traps of the Hirst design (Hirst 1952 ). Sampling and analysis followed the standard methods of A.I.A. R.I.M.A. ® (2009) . The sum of daily averages of Ambrosia pollen recorded annually is expressed as annual pollen indexes (pollen grains) (Comtois 1998) . Of the 91 pollen-monitoring sites initially examined for the entire period, 89 sites provided the data for the period 2003 -2012 and 76 sites for the period 2013-2014 (Fig. 1d) .
Determining Ambrosia habitats in Italy
All potential Ambrosia habitats in Italy are identified using Corine Land Cover (EC 2005) , specifically the 2000 version. The 2000 version is expected to have the best coverage of the entire observational period (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) in this study, while the next major update of this land cover dataset (CLC2012) is considered to be better suited to observational records starting after 2011. These habitats were then filtered using local knowledge about Ambrosia ecology (Bonini 2014 ) and knowledge about the habitats with major invasion (i.e., the plant tends to grow in any habitat if there are available seeds and soil disturbance and able to spread quickly and establish populations in habitats associated with frequent and extensive disturbance regimes that primarily result from human activities). The advantage of using local knowledge is that it includes an assessment of which local habitats contain the main infestation, and that this assessment can be performed at the subnational scale . Furthermore, the filter includes local management of the agricultural landscape as methods (e.g. grass coverage or soil disturbance) in handling specific landscapes will either promote or limit Ambrosia growth. As an example, vineyards are considered a source of Ambrosia pollen in the eastern parts of Austria but not the western parts . In Italy, most agricultural fields are potential sources of Ambrosia with the exception of rice fields where permanent flooding dramatically reduces weeds (Ferrero and Nguyen 2004) . Finally, a digital elevation model (DEM) with 90 m resolution (http://srtm.csi.cgiar.org.) Table 1 Pollen-monitoring sites used in this study to construct the Ambrosia pollen source inventories for 2003-2014, 2003-2012 and 2013-2014 The bold underlined stations represent areas where the ragweed beetle Ophraella communa has been recorded is used as an additional elevation filter. This filter was used by Karrer et al. (2015) with observations from Essl et al. (2009) that cover the Alpine region towards Italy (Fig. 2) . The observations from Essl et al. (2009) provide the upwards limit of the major ragweed infestation, currently 745 m, which is equal to or lower than the climatological limit for casual populations.
In the Alpine region this climatological limit is at least 1100 m (Essl et al. 2009 ). The elevation filter therefore removes potential ragweed habitats if they are located above the elevation limit at 745 m. This provides a spatial dataset of Ambrosia habitats ( Table 2 ). The final dataset with Ambrosia habitats that are considered to have potential for infestation is then gridded to 5 km × 5 km (Fig. 3) as described by Thibaudon et al. (2014) and Karrer et al. (2015) . The amount of infestation in the habitats is then calculated using pollen data (the BData manipulation and statistical analysis^section) using ArcGIS ver 10.3.
Data manipulation and statistical analysis
Here, we calculate an infection level at each pollenmonitoring station following the methodology described by Skjøth et al. (2010) and subsequently adopted by Thibaudon et al. (2014) and Karrer et al. (2015) , where it is assumed that it is possible to interpolate the infection level between sites in order to obtain a complete inventory. The infection level at each pollen-monitoring station, denoting the percentage of area covered by ragweed, is a percentage calculated using the pollen index and the sum of all ragweed areas. This is local infection level that reflects the variations in ragweed . Note the filter suggests the maximum height of the current invasion and not the maximum possible height due to ragweed preference and local climate infection in Italy. However, such local infection level cannot be compared to the infections calculated for Pannonian plain, Austria and France, so we converted it to BEuropean Infection level^ (Table 1) , where 100% corresponds to the highest documented Ambrosia infection in Europe produced using this methodology (Kecskemét in central Hungary) (Skjøth et al. 2010; Thibaudon et al. 2014; Karrer et al. 2015) , and then combined with the mapping of potential habitats, providing a final inventory that takes into account both infection level throughout the study area and the density of habitats (Fig. 4) . Three inventories are made covering the periods 2003-2014, 2003-2012 and 2013-2014 . We applied crossvalidation (i.e. a Bleave-one-out^procedure) to explore the sensitivity of the inventories with respect to the individual stations (Fig. 5) , which are explored numerically and spatially by using scatter plots and a map (Fig. 6) The results of the Shapiro-Wilk test showed that annual pollen indices recorded at the sites were not normally distributed, and so non-parametric statistical tests had to be employed. The Wilcoxon signed rank test was therefore used to find out whether there were significant differences in the magnitude of the European Infection level recorded at pollenmonitoring stations before (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) and after (2013-2014) Ophraella communa was recorded. Differences were analysed at all stations included in the study as well as stations situated in the area where the beetle was known to be present (Bonini et al. 2015; Bonini et al. 2016) . Differences were considered significant with p values < 0.05.
Results
There were several differences between CORINE land cover types considered to be major Ambrosia habitats in the Pannonian Plain, France, Austria and Italy (Table 2) , with only six land use types considered to be major habitats in all four regions: (1.2.1) industrial commercial units; (1.2.2) road and rail networks and associated land; (1.3.3) construction sites; a potential Ambrosia habitat in Italy but not in other countries studied. This land cover class was only found around five sites in Italy and generally in small quantities. The highest levels of airborne Ambrosia pollen were recorded in Northern Italy, particularly in the area of the Po Valley (Fig. 1) . The highest densities of suitable growth habitats for Ambrosia are situated in large parts of northern and Eastern Italy. Less area is covered by suitable habitats in the western and southern parts of the country (Fig. 3) . Cross-validations (Fig. 5) show that the sensitivity to the inclusion of stations was typically below 1% (for two thirds of the stations) and that the station Magenta (MI7) had the largest impact compared to all other stations. Root mean squared error of all included stations is 5.7% and the corresponding Pearson correlation is 0.80. The maps in Fig. 6 show that stations with the largest uncertainty according to the crossvalidation procedure were all located in or near the Milan region, which includes the station Magenta (MI7), while most of Italy had relatively small uncertainty. The maps also show that this uncertainty was substantially smaller for the specific 2013-2014 inventory compared to the two other inventories, while the spatial pattern remains the same with the Milan region contributing with the largest uncertainty. 
Discussion
Here, we present an Ambrosia pollen source inventory for Italy, which is the fourth such study to be conducted for Europe using this methodology. Spatial variations in the inventory accurately reflected known centres of Ambrosia distribution as described by Gentili et al. (2016) . This is shown by the results of crosscorrelation matrix that highlighted Magenta (MI7), in the northwest of the Milan Province, as having the largest impact on the overall inventory and the corresponding mapping of all the sites show that the stations around the Milan region generally had the highest impact on the overall pattern compared to the rest of Italy. Spatial variations in the densities of Ambrosia plants and complex terrain in the country, plus a temporal aspect to the study, have made this work scientifically and technically demanding. Importantly, the inventory shares the projections and grid definitions with previous inventories, which means it can be combined into a common European-wide inventory that now covers all major areas of Ambrosia infestation west of Ukraine (Skjøth et al. 2010; Thibaudon et al. 2014; Karrer et al. 2015) . The fact that land use practices can vary regionally means that local knowledge of Ambrosia habitats is essential for this method of preparing the inventories. The number of CLC land cover classifications included in previous Ambrosia pollen source inventories has ranged from 7 on the Pannonian Plain (Sikoparija et al. 2009 ) to 11 in Italy, 13 in France (Thibaudon et al. 2014 ) and 17 in Austria (Table 2 ). This has been related to differences in the interpretation of what local experts consider to be areas most likely to be infested by Ambrosia and the number of habitat types in different regions. In this respect, Italy is similar to France and Austria where habitats and spatial structure are heterogeneous, rather than the Pannonian Plain which is somewhat homogeneous in terms of habitat types . As with previous studies, the Italian inventory has shown local differences in habitats infested by Ambrosia. Most notably, this was the first time that the land use category agro-forestry areas has been identified as a potential Ambrosia habitat. Agroforestry is a feature of southern Europe where it is a transitional zone between the natural vegetation and the ploughed land (EC 2005) . Even so, this land cover classification was not featured prominently in the dataset and only appeared within 30 km of five pollen-monitoring sites included in this study.
This study has obvious practical applications. A number of source-orientated numerical forecast models have now been extended to simulate the dispersion of pollen grains (Zink et al. 2016) , such as CHIMERE (Bessagnet et al. 2008) , CMAQ-pollen (Efstathiou et al. 2011) , COSMO-ART (Vogel et al. 2008) and SILAM (Sofiev et al. 2006 ). One of the major sources of uncertainty in such models is the quality of the emissions data (Sofiev et al. 2006; Skjøth et al. 2010) . With this in mind, Zink et al. (2016) showed that the use of the Ambrosia pollen inventory for France described by Thibaudon et al. (2014) resulted in the best correspondence between observed and simulated pollen concentrations using COSMO-ART for France in 2012.
The results of the study by Zink et al. (2016) showed the advantage of using the combination of land use data, annual pollen indices and local knowledge of Ambrosia habitats for preparing inventories of pollen sources. The described methodology does have some limitations, however, many of which were discussed in Thibaudon et al. (2014) . The input of local experts is a definite advantage when identifying land use types likely to be inhabited by Ambrosia plants but, as previously mentioned, different perceptions of what constitutes Ambrosia infestation can also introduce uncertainty into the analysis. The CLC2000 land cover data is also quite coarse, and future research should focus on including linear features such as roads, railroads and riverbanks as well as the degree of fragmentation of field systems and crop types (Thibaudon et al. 2014 ). In addition, parts of Europe see a small increase in urbanisation, which is reflected in the different versions of the Corine Land Cover. Inclusion of these construction areas, changes in land cover and the abovementioned linear features and fragmentation are all likely to improve the inventory.
The elevation filter is another potential source of uncertainty. Data for the distribution of Ambrosia plants in Italy were not made available for this study, and so it was not possible to construct a filter as previously described for France (Thibaudon et al. 2014) and Austria . Here, we developed the elevation filter by using data for Austria , which is based on data of plant distribution for the Austrian territory including the Alpine region (Essl et al. 2009 ). The use of the Austrian data in this way is rather arbitrary but seems satisfactory for filtering the data in respect to elevation, especially as most Ambrosia plants are found to the north of Italy close to the Alps (Gentili et al. 2016) . It should be remembered, however, that the elevation filter has not been validated for the Apennines to the south.
In this study, we have also examined temporal differences in the magnitude of the source following the accidental introduction of Ophraella communa in Northern Italy, mainly over the Po Valley (Müller-Schärer et al. 2014; Bonini et al. 2015 ; Bonini et al. 2016 ). Our analysis shows that there was a significant decrease in the strength of Ambrosia pollen emission in Italy between the periods 2003-2012 and 2013-2014 . This concurs with previous studies showing a significant decrease in airborne concentrations of Ambrosia pollen in the Milan area over the same time period (Bonini et al. 2015; Bonini et al. 2016 ). We quantify this as a numerical decrease in the gridded inventories from 2003 to 2012 (Fig. 4b) to 2013-2014 (Fig. 4c) . By showing the changes brought about by the occurrence of large numbers of the Ophraella leaf beetle in Northern Italy, this study has shown that it is possible to simulate interannual variability of plant productivity, which is one of the main sources of uncertainty in current inventory methods (Sofiev et al. 2015) . Local changes in land use (e.g. extensive construction works) or meteorology (e.g. number of days with precipitation during flowering phenophase) can also bring about such short-term variations, and both were examined by Bonini et al. (2015) but no connection could be found between these factors and the decline in airborne Ambrosia pollen levels in the Milan area.
Conclusions
Ambrosia pollen source inventories, such as the one described here for Italy as well as the previous inventories for the Pannonian Plain, France and Austria, are important for modelling atmospheric concentrations of Ambrosia pollen. Predicting concentrations of airborne Ambrosia pollen for allergy sufferers and health care professionals was the primary motivation for undertaking this work. The methods used to construct these inventories appear to be robust, which ensures harmonisation between datasets. In addition, we have also shown that it is possible to compare inventories from different temporal periods. This is the first time that inventories have been used in this way and have implications for simulating interannual variations in pollen emission as well as evaluating the management of anemophilous plants like Ambrosia artemisiifolia. The latter has been the focus of Working Group 4 of the recent European Coast Action FA1203. Source inventories need updating regularly in order to reflect changes in land use, management and climate; this is particularly important for annual plants like A. artemisiifolia where factors such as the introduction of natural enemies could have a significant and immediate impact. This study, and the three previous studies, therefore represents the start of research in this area, and continued work needs to be done to complete the inventory of Europe and keep it up-to-date and potentially extending the work to other wind pollinated species (e.g. annual weeds like Iva xanthiifolia Nutt or trees like Acer negundo L.). 
